Genome organization, plasmid content and localization of the pufLM genes of the photosynthesis reaction center were studied by pulsed-field gel electrophoresis (PFGE) in marine phototrophic Alphaproteobacteria. Both anaerobic phototrophs (Rhodobacter veldkampii and Rhodobacter sphaeroides) and strictly aerobic anoxygenic phototrophs from the Roseobacter-Sulfitobacter-Silicibacter clade (Roseivivax halodurans, Roseobacter litoralis, Staleya guttiformis, Roseovarius tolerans, and five new strains isolated from dinoflagellate cultures) were investigated. The complete genome size was estimated for R. litoralis DSM6996 T to be 4,704 kb, including three linear plasmids. All strains contained extrachromosomal elements of various conformations (linear or circular) and lengths (between 4.35 and 368 kb). In strain DFL-12, a member of a putative new genus isolated from a culture of the toxic dinoflagellate Prorocentrum lima, seven linear plasmids were found, together comprising 860 kb of genetic information. Hybridization with probes against the pufLM genes of the photosynthesis gene cluster after Southern transfer of the genomic DNAs showed these genes to be located on a linear plasmid of 91 kb in R. litoralis and on a linear plasmid of 120 kb in S. guttiformis, theoretically allowing their horizontal transfer. In all other strains, the pufLM genes were detected on the bacterial chromosome. The large number and significant size of the linear plasmids found especially in isolates from dinoflagellates might account for the metabolic versatility and presumed symbiotic association with eukaryotic hosts in these bacteria.
Anoxygenic bacterial photosynthesis is an ancient process forming the evolutionary basis for all current types of photosynthesis (39, 54) . It is thought to have been present in the ancestors of the present day Proteobacteria and was later lost in various lineages (53) . In 1991, strictly aerobic marine bacteria containing bacteriochlorophyll a were described for the first time (43) . They were termed aerobic anoxygenic phototrophs and later found in many marine, freshwater, and terrestrial habitats (55) . In contrast to anaerobic phototrophs, they are unable to use light as sole source of energy, but they grow heterotrophically with light as an additional energy source. Such bacteria are much more diverse in the oceans than previously thought (4) . It has been estimated that aerobic bacterial photosynthesis might be responsible for up to 5% of photosynthetic electron transport in the upper layers of the tropical oceans (20) . Although the precise amount of energy generated by aerobic anoxygenic photosynthesis is still under discussion (9) , it seems that in fact in the oligotrophic ocean phototrophic and heterotrophic modes of growth are being coupled in various ways (4, 19) .
Analysis of whole-genome data from the five major photosynthetic prokaryotic phyla has shown that gene transfer of parts of the photosynthetic apparatus must have been a major driving force in their evolution (39) . The same is assumed for the more recent evolution of aerobic anoxygenic phototrophs (31, 32) . Phylogenetically, they belong into the alpha or beta subclass of the Proteobacteria (4, 55) . Their photosynthesis genes are clustered into a superoperon comprising approximately 45 kb (15) . Detailed analyses of the operon structure in Rubrivivax gelatinosus, a betaproteobacterium, suggested that it had been acquired by horizontal gene transfer from an alphaproteobacterium and later rearranged (15) . Phylogenetic trees which were constructed from conserved photosynthesis genes, e.g., pufL or pufM genes, differed from 16S rRNA-based trees in that photosynthesis genes of betaproteobacteria were clustering among those of alphaproteobacteria (2, 31, 32) , again providing indirect evidence for gene transfer. Nothing is known about actual mechanisms of gene transfer in phototrophic alphaproteobacteria. However, in 1981 a highly promiscuous plasmid related to RP1 was isolated in Rhodopseudomonas capsulata and shown to mobilize chromosomal markers, including the photosynthesis gene cluster, with high frequency (28) .
At present, little is known about the genome organization of aerobic anoxygenic marine phototrophs, many of which have been isolated and described only recently (2, 22, 23) . Here, we determined the genome size of Roseobacter litoralis DSM6996 T as a representative of the ecologically important Roseobacter clade (42) . In addition, plasmid content and pufLM gene localization in a relatively broad phylogenetic range of phototrophic Alphaproteobacteria were investigated to gain a better understanding of the structural flexibility of the genome and the potential for gene transfer in these organisms. The large number of both linear and circular plasmids which were discovered, which comprised in some instances a significant part of the total genome, indeed revealed a structural basis which would allow for the horizontal transfer of large pieces of genetic information. It might also be the reason for the observed physiological versatility of this group. T were grown as described in reference 49 in liquid DSMZ medium no. 27 (www.dsmz.de). All other strains used in this study were cultured in marine broth 2216 (Difco).
MATERIALS AND METHODS

Bacterial
Phylogenetic inferences. The 16S rRNA gene sequences of strains DFL-13, DFL-43, DFL-42, DFL-44, DFL-33, and DFL-11 were determined as described in reference 2 and submitted to the EMBL database (see below). Sequences were analyzed with the ARB software package (27; www.arb-home.de). Almost complete 16S rRNA gene sequences were imported into the ARB database of ϳ12,600 aligned reference sequences. Sequences were automatically aligned, and alignments were corrected manually. Sequences were integrated into the ARB phylogenetic tree by using the maximum-parsimony algorithm tool. This tool does not correct for evolutionary distances and does not change the tree topology. It served as a basis to identify the reference organisms. These were subsequently selected for tree calculation by means of the maximum-likelihood algorithm with the program fastDNAml.
Preparation and digestion of DNA. Preparation of high-molecular-weight (HMW) total genomic DNA of the strains within agarose plugs followed the protocol of Bautsch (3). For each strain, various cell densities were embedded into agarose to yield optimal DNA concentrations for pulsed-field gel electrophoresis (PFGE) analysis. Plasmid DNA from the strains was extracted by a conventional plasmid isolation procedure. Cells were lysed with alkali, and plasmids were purified as indicated by the manufacturer of the Nucleobond PC 100 kit (Machery-Nagel, Düren, Germany). For PCR, the genomic DNA of R. litoralis DSM6996 T , R. veldkampii DSM11550 T , and strain DFL-12 was extracted from agarose plugs by using the Qiaex II gel extraction kit as described by the manufacturer (Qiagen, Hilden, Germany). To determine the chromosome size of R. litoralis DSM6996 T , HMW genomic DNA of this strain inside agarose plugs was digested with 20 U of the restriction endonucleases PacI, PmeI (New England Biolabs, Beverly, Mass.), and SwaI (Roche Applied Science, Mannheim, Germany) and 5 U of the intron-encoded endonuclease I-CeuI (New England Biolabs) according to methods described by Pradella et al. (34) .
Gel electrophoresis. PFGE of the genomic DNA of the strains was performed in a contour-clamped homogeneous electric field (CHEF) system on a CHEF-DR III device (Bio-Rad Laboratories, Hercules, Calif.) with 0.6 or 1% agarose gels and modified 0.5ϫ TBE buffer (45 mM Tris, 45 mM boric acid, 0.1 mM EDTA) at 14°C. To analyze the undigested HMW genomic DNA of the strains, PFGE parameters, namely pulse time ramps and run times, were varied both to resolve chromosomal and extrachromosomal DNA and to identify different plasmid conformations (12, 29, 45) . At least two PFGE parameter sets were applied per strain to determine plasmid topology. PFGE parameter sets used with 1% agarose gels at 200 V (6 V/cm) were as follows: (i) set A, pulse times of 1 to 25 s for 22.5 h; (ii) set B, pulse times of 1 to 20 s for 22 h; (iii) set C, pulse times of 1 to 40 s for 21 h; (iv) set D, pulse times of 1 to 90 s for 24 h followed by pulse times of 1 to 10 s for 8 h. To calculate the chromosome size of R. litoralis DSM6996 T , PFGE parameters in several gel runs were adapted to maximize the resolution of all generated macrorestriction fragments (8, 46) . The PFGE conditions applied to documented experiments were as follows: (i) 0.6% (wt/vol) agarose gel with pulse times of 350 to 4,800 s for 120 h at 50 V (1.5 V/cm) (high-size range); (ii) 1% (wt/vol) agarose gel with pulse times of 1 to 90 s for 22.5 h at 200 V (6 V/cm) (medium-size range); (iii) 1% (wt/vol) agarose gel with pulse times of 1 to 22 s for 22 h at 200 V (6 V/cm) (low-size range). Conventional, unidirectional gel electrophoresis of DNA was done as described by Sambrook et al. (41) Preparation and labeling of probes. PCR-amplified pufLM genes from the bacterial photosynthesis reaction center (2) and 16S rRNA genes served as probes in this study. The PCR products were directly labeled with digoxigenin (DIG)-11-dUTP during PCR with the PCR DIG labeling mix (Roche Applied Science). The primer pair pufLF (5Ј-CTK TTC GAC TTC TGG GTS GG-3Ј) and pufMR (5Ј-CCA TSG TCC AGC GCC AGA A-3Ј) was used for the amplification of the pufLM genes (ϳ1. T , R. veldkampii DSM11550 T , and strain DFL-12, respectively, and extension at 72°C (2 min). A final extension at 72°C (10 min) and subsequent cooling at 4°C completed the reaction. Probes were designated pufRl, pufRv, and pufD12 for R. litoralis DSM6996 T , R. veldkampii DSM11550 T , and strain DFL-12, respectively. The primers 27f (5Ј-GAGTTTG ATCCTGGCTCAG-3Ј) and 1525r (5Ј-AGAAAGGAGGTGATCCAGCC-3Ј) (24) were used to amplify nearly the complete 16S rRNA gene (ϳ1.5 kb) of R. litoralis DSM6996
T . The reaction mixture was as described above, except that 1 l of template DNA was used. Hot-start PCR was performed with an initial denaturation step at 94°C (3 min), followed by 32 cycles of denaturation at 93°C (1 min), annealing at 52°C (1 min), and extension at 72°C (2 min). Final extension and completion of the PCR program were as described above. The amplified 16S rDNA fragment was excised from a conventional 1% agarose gel under UV and extracted with the Nucleo Spin extract kit (Machery-Nagel). Bacteriophage lambda DNA was DIG labeled by using the DIG High-Prime DNA labeling kit (Roche Applied Science) to visualize the blotted low-range PFGE marker after Southern hybridization. Southern blotting and hybridization. For hybridization experiments, SYBR Green I-stained, UV-irradiated (2.5 min; ϭ 254 nm), and alkaline-treated DNA was transferred from PFGE gels onto positively charged nylon membranes (Roche Applied Science) by using the VacuGene vacuum blotter (Amersham Biosciences, Piscataway, N.J.) as described previously (CHEF-DRr III PFGE system instruction manual and application guide, BioRad Laboratories). Nonradioactive hybridization and subsequent chemiluminescent signal detection with the DIG system were done according to the protocol provided in the DIG hybridization manual (DIG application manual for filter hybridization, Roche Applied Science). Prehybridization and hybridization were performed in roller tubes with 10 ml of DIG Easy Hyb buffer (Roche Applied Science) under stringent conditions at 42°C. Hybridization buffers contained 100 to 150 l of the pufRl, pufRv, pufD12, or 16S rDNA probe, respectively, and 0.5 l of DIGlabeled bacteriophage lambda DNA. Stringent washes were performed at 68°C with 0.5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) containing wash buffer. CDP-Star (Roche Applied Science) was used as a substrate for chemiluminescent signal detection.
Nucleotide sequence accession number. The 16S rRNA gene sequences of strains DFL-13, DFL-43, DFL-42, DFL-44, DFL-33, and DFL-11 were submitted to the EMBL database and given accession numbers AJ582088 and AJ582083 to AJ582087.
RESULTS
Phylogenetic positions of investigated strains. The 11 strains investigated here ( Fig. 1 ) belonged into the ␣-2 and ␣-3 subgroups of the Alphaproteobacteria. They included two species of the facultative anaerobe Rhodobacter, namely R. veldkampii T , of which the latter served as a reference for plasmid content. All other strains were obligate aerobic marine bacteria. We focused on the bacteriochlorophyll a containing type strains within the socalled Roseobacter clade. This is a heterogeneous group of organisms, representatives of which have been shown to have a high abundance in marine habitats (42, 52) . The strains studied were R. halodurans DSM15395 T , R. litoralis DSM6996 T , S. guttiformis DSM11458 T , and R. tolerans DSM11457 T . In addition, five strains were included which have recently been isolated from dinoflagellate cultures and were shown to contain the pufLM genes of the photosynthesis reaction center and to produce bacteriochlorophyll a (2). DFL-43 and DFL-12 were isolated from cultures of P. lima, DFL-27 and DFL-24 were from A. ostenfeldii, and DFL-11 was from A. lusitanicum. These strains represent new genera or species. Their phylogenetic affiliation is shown in Fig. 1 . DFL-43 is one representative from a cluster of strains related to Ahrensia kielensis. DFL-11 is affiliated to Roseibium hamelinense. DFL-27 and DFL-12 are representatives from a relatively deeply branching cluster of strains remotely related to Roseivivax. Based on 16S rRNA gene similarity, strain DFL-24 (and DFL-35, which was not studied here) is most closely related to R. tolerans.
Genome size of R. litoralis DSM6996
T . Macrorestriction analysis of the HMW genomic DNA of R. litoralis DSM6996 T by PFGE was performed to estimate the chromosome size of this strain (Fig. 2) . Of the restriction endonucleases tested (AseI, NotI, PacI, PmeI, SpeI, SwaI, and XbaI), PacI (5Ј-TT AAT/TAA-3Ј), PmeI (5Ј-GTTT/AAAC-3Ј), and SwaI (5Ј-AT TT/AAAT-3Ј) gave useful macrorestriction fragment patterns. In addition, the intron-encoded I-CeuI endonuclease, shown to recognize a sequence 26 bp present within the highly conserved 23S rRNA gene of bacteria and to cut several bacterial chromosomes at this site (26) was used to analyze the chromosome of R. litoralis DSM6996 T . Various gel running parameters were performed to obtain optimal separation of the resulting DNA fragments (Fig. 2) . The chromosome of R. litoralis DSM6996 T harbors 7 PacI restriction sites and 16 PmeI and SwaI restriction sites. The sizes of the corresponding fragments ranged from 47 to 2,310 kb, 15 to 768 kb, and 31 to 1,013 kb, respectively ( Table 1 ). The restriction enzymes used produced clearly visible doublets, e.g., the fragments Pm3 and Pm4 or Pa3 and (Fig. 2D) . Considering the presence of three extrachromosomal elements (91, 80, and 63 kb), which are not cleaved by the restriction enzymes used in this study, the genome size of R. litoralis DSM6996 T amounts to 4,704 kb. Plasmid analyses. Total undigested genomic DNA of each strain was analyzed by PFGE. PFGE parameters were adjusted to detect large (Ͼ10 kb) extrachromosomal elements and to determine their sizes and conformations. In addition, conventional plasmid preparation and separation on agarose gels were performed to detect small plasmids, to confirm the results of PFGE, and to determine the sizes of circular plasmids. The results of the plasmid analyses are shown in Fig. 3 and Table 2 .
Strain DFL-43. Strain DFL-43 showed one linear extrachromosomal element of 36 kb in size which can only be weakly detected (Fig. 3A) . In addition, a circular element of very low fluorescence intensity was found which had a size of 107 kb.
Strain DFL-11. Five bands were present on PFGE gels of the genomic DNA of strain DFL-11. One band of high fluorescence intensity was identified as the 35-kb linear plasmid. Two weaker linear bands consisted of linear molecules with sizes of 63 and 88 kb, respectively. The remaining two bands are barely detectable (Fig. 3) . Using PFGE parameter set A (Fig. 3A) , they ran at 236 and 267 kb, respectively. Using PFGE parameter set B (data not shown), they ran at 208 and 233 kb, and with parameter set D (data not shown), they ran at 476 and 555 kb (sizes were calculated based on the position of the low-range PFGE marker). From this migration behavior, it can be concluded that these bands had a circular conformation. Their sizes were estimated, by using BAC Tracker, as 65 and 88 kb, respectively (data not shown). These sizes are the same as those of the two linear molecules, which could therefore be the same plasmids present in different conformations. The reason might be artifacts during DNA preparation. However, different conformations of the plasmid could also be present within the cell as a result of conformational changes during replication.
R. halodurans DSM15395 T . Two large linear plasmids were present in R. halodurans DSM15395 T , which can clearly be seen in Fig. 3A . With sizes of 264 and 368 kb, respectively, they were the largest extrachromosomal elements found in this study. Their linear conformation was concluded from their behavior under different PFGE running parameters. Under parameter set A (Fig. 3A) , they ran at 267 and 367 kb; under parameter set C (data not shown), they ran at 261 and 364 kb. Given the variability of size determination on gels, these sizes are identical, and thus, these elements were linear plasmids. No circular plasmids were found in R. halodurans, neither on PFGE nor by conventional plasmid preparations.
R. veldkampii DSM11550 T . The preparation of R. veldkampii DSM11550 T DNA in agarose plugs resulted in a background smear of degraded DNA. Two linear plasmids (59 and 115 kb) were found. Additional plasmids or circular conformations of the two linear plasmids may have been undetectable because of the high background.
We repeated the isolation of HMW DNA of this strain several times, using both frozen cells and freshly grown cells. The DNA quality was the same in both cases. The background smear on the gel is usually attributed to the activity of nucleases. Why this effect was so strong for this particular strain is unknown. In addition to the bands of chromosomal DNA and the extrachromosomal elements, a diffuse HMW DNA band can be seen between gel poach and chromosomal DNA, which hybridized with the pufLM probes and thus should consist of chromosomal DNA. Directly below the gel poach, a band of chromosomal DNA can be seen, which is probably the result of the so-called trapping effect (8, 51) . HMW DNA was trapped in the gel matrix because of a too-high voltage (more than 2 V per cm) and subsequently remained immobile.
R. sphaeroides DSM159 T . The facultative anaerobe R. sphaeroides has become a model organism for investigations of anoxygenic bacterial photosynthesis. It has a complex genome organization with two circular chromosomes, upon which the photosynthesis genes are located, and five circular endogenous plasmids (48) . This strain was included as a reference because of its known plasmid composition (pRS141e, 42 kb; pRS141d, 99 kb; pRS141c, 100 kb; pRS141b, 104 kb; pRS141a, 114 kb) (5) (http://mmg.uth.tmc.edu/sphaeroides/). Here we detected three circular elements (Fig. 3A) with estimated sizes of 38, 107, and 114 kb. The 38-kb plasmid should be the same as the 42-kb plasmid pRS241e, and the 114-kb plasmid should be the same as the 114-kb plasmid pRS241a in reference 5. To find the missing plasmids, we extracted HMW DNA from cultures grown both aerobically and anaerobically in agarose plugs. We also extracted plasmids by a conventional plasmid preparation protocol. Both DNA preparations were analyzed and compared on pulsed-field gels as well as on standard agarose gels. We were unable to detect the 99-and 100-kb plasmids.
The DNA band at 107 kb found here, which is very broad with a strong band in the middle, could be composed of several plasmids: pRS241b (104 kb), pRS241c (100 kb), and pRS241d (99 kb). Because of the small differences in size, they might not have been separated under the conditions used. Alternatively, the band at 107 kb could be a single band, and the two missing plasmids may have been lost during the culturing and preservation of strain DSM159
T . Strain DFL-27. In strain DFL-27, six linear plasmids (66, 101, 122, 128, 151, and 187 kb) were found, of which the 151-kb plasmid was difficult to detect. Together, these plasmids comprised 755 kb of extrachromosomal genetic information. No circular plasmids were detected.
Strain DFL-12. Strain DFL-12 is very closely related to DFL-27 ( Fig. 1) , and the plasmid pattern showed high similarity to DFL-27. Seven linear plasmids were found, ranging from 68 to 193 kb (Table 2 ) and comprising a total of 861 kb of extrachromosomal genetic information. The 156-kb band showed enhanced fluorescence intensity, indicating that this plasmid might have been present in high copy numbers or that the band consisted of several bands.
R. litoralis DSM6996 T . Preparation of HMW genomic DNA inside agarose plugs did not work for R. denitrificans DSM7001
T . On the PFGE gels, only a smear of degraded DNA could be seen (data not shown). Therefore, the closely related strain R. litoralis DSM6996
T was analyzed here. Three linear and three circular bands were detected on PFGE gels, which had similar sizes (63 versus 64 kb, 80 versus 79 kb, and 91 versus 89 kb). Thus, the organism probably contains three plasmids in both conformations. Hybridization of the gel with pufLM gene probes after Southern transfer gave a signal with both the linear 91-kb band and the circular 89-kb band (see below), strongly supporting this interpretation.
S. guttiformis DSM11458 T . For S. guttiformis DSM11458 T , two bands of 48 and 120 kb were clearly detected in spite of the relatively high background of degraded DNA. Conventional plasmid preparation did not reveal circular plasmids of that size, so these elements may be present as linear plasmids in the cell. In addition, a small circular plasmid was found (4.35 kb) (data not shown).
Strain DFL-24. Strain DFL-24 had the most complex plasmid content of the investigated strains. Three bands of linear molecules are weakly visible (19, 23, and 35 kb) (Fig. 3) . Three circular molecules were also found, which had similar estimated sizes (17, 18, and 37 kb) and thus might represent different conformations of the same plasmids. The circular 17-kb plasmid was hard to detect, since it is located directly below the strong 18-kb circular plasmid. In addition, two large linear plasmids were found (120 and 197 kb).
R. tolerans DSM11457 T . In R. tolerans DSM11457 T , we found two circular plasmids. The small one (23 kb) was clearly visible, but the large one (51 kb) had a low intensity. No linear DNA bands were detected, but this could also have been caused by the small amount of DNA in the gel.
Southern blot hybridization. The gel shown in Fig. 3 was blotted and hybridized with a probe against the 16S rRNA gene to clearly distinguish between the bacterial chromosomes, defined as replicons carrying ribosomal components like 16S rRNA genes (21) and extrachromosomal elements. For all strains, the blot (data not shown) showed the hybridization signal in the compressed HMW band, which could not be separated further under the PFGE conditions used here. Thus, these bands represented, as expected, the chromosomal DNA of the investigated strains.
The blot was also hybridized with probes against the pufLM genes of the bacterial photosynthesis reaction center to localize them either on the chromosome or on extrachromosomal elements. The three probes used were homologous to R. litoralis DSM6996 T (pufRl), R. veldkampii DSM11550 T (pufRv), and strain DFL-12 (pufD12), respectively. The results were identical for all three probes and are shown in Fig. 4 for probe pufD12. The pufLM genes were localized on the chromosome of all strains, with the exception of R. litoralis and S. guttiformis. In R. litoralis, the puf operon was on a plasmid of 91 kb which was present both in linear and circular conformation. In S. guttiformis, the puf operon was located on a linear plasmid of 120 kb. No other hybridization signal was detected in this strain, confirming that this plasmid was not present in circular form. No hybridization signal was detected for R. sphaeroides, which had been shown previously to have the puf operon located on chromosome 1 of the organism (http://mmg.uth.tmc .edu/sphaeroides). Since a hybridization signal with the probe for R. veldkampii was not obtained, we tried to synthesize a homologous probe for R. sphaeroides by PCR amplification of the pufLM genes. An amplification product was not obtained. We conclude that the pufLM genes of R. sphaeroides are less homologous than expected.
DISCUSSION
Genome organization. Prokaryotic genomes consist of one or several chromosomes, which can be circular or linear. In addition, they frequently contain extrachromosomal elements (plasmids) of various number and size. These plasmids can also be linear or circular and together may comprise a significant part of the organism's total genetic information. Extrachromosomal elements are defined as nonessential for the organism, since they do not contain housekeeping genes or rRNA genes. One of the megaplasmids of Sinorhizobium meliloti, which is ϳ1.7 Mb in size, is an exception to this rule, since it contains the only copy of an essential tRNA gene of the strain and therefore could be viewed as a second chromosome (7) . The total genome size of R. litoralis DSM6996 T was determined here to be 4.70 Mb, which includes three extrachromosomal elements (91, 80, and 63 kb) present both in circular and linear conformation. This genome size is in the range of that of related bacteria, e.g., Rhodobacter capsulatus (3.70 Mb), R. sphaeroides (4.34 Mb), Rhizobium leguminosarum biovar viciae (3.5 Mb), Silicibacter pomeroyi (4.4 Mb), or Agrobacterium tumefaciens (4.9 Mb) (http://www.tigr.org), and does not belong to the size extremes of microbial genomes known today. The smallest genome of an organism known today is that of the newly discovered symbiont Nanoarchaeum equitans (0.49 Mb) in the domain Archaea (14) . The smallest genome within the domain Bacteria is owned by Mycoplasma genitalium (0.59 Mb) (6) . The largest prokaryotic genome is that of the myxobacterium Sorangium cellulosum (12.6 Mb) (35) . Since digestion of the R. litoralis DSM6996
T chromosome with the intron-encoded I-CeuI endonuclease resulted in a single large fragment, we conclude that the chromosome has a circular conformation and contains one copy of the 23S rRNA gene.
Linear plasmids in phototrophic Alphaproteobacteria. Linear plasmids were discovered about two decades ago (reviewed in   FIG. 4 . Southern blot hybridization of the DIG-labeled probe pufD12 against PFGE-separated (Fig. 2) (17) . The second type of linear plasmids have proteins attached to both ends at the 5Ј DNA strand and start replication at the center of the plasmid (37) . These are widespread in Streptomyces and Rhodococcus and code for ecologically important phenotypes, e.g., degradation of xenobiotics (44), metal resistance (38) , production of antibiotics (33) , or hydrogen autotrophy (18) . In most of these bacteria, which are all gram positive, the chromosome also has a linear conformation. The size of the linear plasmids ranges from 5 to 450 kb. Few reports exist about linear plasmids in gram-negative bacteria, with one example being Klebsiella oxytoca (47) . The only linear plasmid in Escherichia coli is the linear plasmid prophage N15, with covalently closed hairpin termini (40) . PY54 is a linear prophage in Yersinia enterocolitica which also has covalently closed ends (11) . Within the Alphaproteobacteria, until now only circular plasmids have been found, e.g., in a nonphototrophic Ruegeria sp. (56) and in the anoxygenic phototroph R. sphaeroides (48) . In the strain of Ruegeria sp., two large indigenous cryptic circular plasmids were recently sequenced which were 76 and 148 kb in size and whose replication systems were highly homologous to those of a plasmid from R. sphaeroides (56) .
The phototrophic Alphaproteobacteria investigated here revealed a highly complex plasmid pattern. With the exception of R. tolerans and R. sphaeroides, each strain contained at least one and up to seven linear plasmids. The size of the linear plasmids ranged from 19 kb (DFL-24) to 369 kb (R. halodurans), justifying the term giant linear plasmid or megaplasmid for the latter. Giant linear plasmids (size, 120 to 430 kb) have also been reported in Streptomyces (for an example, see reference 33). None of the plasmids found here hybridized with the probe against the 16S rRNA gene, so they can all be categorized as true nonessential extrachromosomal elements.
Interestingly, the largest number of linear plasmids and the largest total amount of extrachromosomal linear plasmid DNA was found in the isolates DFL-12 (7 linear plasmids, 861 bp) and DFL-27 (6 linear plasmids, 755 bp). These bacteria were isolated from cultures of the toxigenic dinoflagellates P. lima and A. ostenfeldii, respectively. A close symbiotic relationship has been postulated between Roseobacter clade bacteria and dinoflagellates, and some of the dinoflagellate-associated Roseobacter clade bacteria have been shown to produce toxins and might be responsible for toxic algal blooms and shellfish poisoning (1, 13, 36, 50) . The large number of linear plasmids found in these isolates may reflect the need to tune the specificity of symbiosis between the bacterium and the eukaryotic host in a flexible way, similar to observations made with the pathogen Borrelia.
Circular plasmids in phototrophic Alphaproteobacteria. In addition to the linear plasmids, some strains contained circular plasmids. The size of the circular plasmids was in some cases identical to that of a linear plasmid present in the same strain. The pufLM genes detected on the 91-kb linear plasmid of R. litoralis were also found in the circular 89-kb band, suggesting that indeed the two plasmids represented different conformations of the same DNA molecule. Observations of Borrelia and Mycobacterium (25) suggest that these linear plasmids start replication from the ends and then go through a circular stage. The fact that circular plasmids corresponding in size to linear plasmids were only detected in some of the strains investigated here (DFL-11, R. litoralis, and DFL-24), whereas in the others the linear plasmids were present without the circular counterpart (R. halodurans, R. veldkampii, DFL-27, and DFL-12), may be due to differences in the growth stage of the investigated strains or indicate that these two groups of plasmids indeed have different modes of replication. Preparation artifacts may account for the conversion of circular plasmids to linear plasmids, but the conversion of linear plasmids into circular molecules during DNA preparation and pulsed-field analysis seems rather unlikely. Interestingly, only linear plasmids were found in R. veldkampii, whereas only circular plasmids have been found in the closely related R. sphaeroides by us and others. The highly complex and diverse composition of extrachromosomal elements discovered here in a closely related group of microbial genera suggests strong evolutionary pressures underlying the evolution of each organism's genome structure.
Localization of pufLM genes in phototrophic Alphaproteobacteria. Southern hybridization of the genomic DNA of the strains clearly showed that the pufLM genes were present on the chromosome of all but 2 of the 11 investigated strains rather than on any of the extrachromosomal elements. For example, R. tolerans, which has been named for the variability of its pigment production, carries the pufLM genes on the chromosome. Thus, it cannot be the loss of a plasmid which is responsible for the occasional lack of pigment production in this organism, but rather cultivation-induced changes in gene expression are responsible (2, 23) . However, there were two notable exceptions: R. litoralis and S. guttiformis, which are closely related, carried the pufLM genes on linear plasmids. The sizes of these plasmids (91 and 120 kb, respectively) would be sufficient to house the complete photosynthesis gene cluster, which comprises about 45 kb (15) . All linear plasmids detected so far are conjugative (30) . The localization of the pufLM genes on the linear plasmids of R. litoralis and S. guttiformis shows for the first time a possible mechanism of gene transfer for the photosynthesis gene cluster in proteobacteria, which has been heavily implicated from sequence comparisons of photosynthesis-related genes.
